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The statistical (thermal) model is applied for the description of hadron yields measured at central
nucleus-nucleus collisions at the top RHIC energy
√
sNN = 200 GeV and the LHC energy
√
sNN =
2.76 TeV. In contrast to previous analyzes the more general form of the least squares test statistic is
used, which takes into account also possible correlations between different species of yields. When
light nuclei are included into fits, the chemical freeze-out temperature about 158 MeV is obtained
for both energies (156 MeV when correlations are neglected). Without light nuclei the temperature
about 160 MeV is determined for LHC and RHIC when correlations are non-zero, whereas for zero
correlations the difference in the chemical freeze-out temperatures between RHIC and LHC is 6
MeV.
PACS numbers: 25.75.Dw, 24.10.Pa
I. INTRODUCTION
The one of the most explored currently part of the
standard model is the theory of strong interactions - the
Quantum Chromodynamics (QCD). The QCD predicts
a transition from a system of hadrons (strongly inter-
acting particles which can be observed) to a system of
partons (quarks and gluons which can not be observed
individually). This requires extremely high temperatures
or densities of the system. The conditions necessary for
the appearance of the deconfined phase (the partonic sys-
tem) of QCD can be established in the laboratory now
(for a wide review of the subject, from the theory to the
experiment, see Ref. [1]).
High-energy heavy-ion collisions are the tools for the
creation of the deconfined phase. The matter originated
during such a collision, extremely dense and hot, is com-
pressed more or less in the volume of the narrow disc
of the ion radius at the initial moment. After then the
matter rapidly expands due to the tremendous pressure
and cools simultaneously. The evolution of the matter
can be described in the framework of the relativistic hy-
drodynamics [2]. During expansion the matter under-
goes a transition to a hadron gas phase. The hadron gas
continues the hydrodynamical evolution, assuming that
the collective behavior does not cease at the transition.
The expansion makes the gas more and more diluted, so
when mean-free paths of its constituents become compa-
rable to the size of the system one can not treat the gas
as a collective system. This moment is called freeze-out.
After then the gas disintegrates into freely streaming par-
ticles which can be detected. In principle, one can dis-
tinguish two kinds of freeze-out: a chemical freeze-out,
when all inelastic interactions disappear and a kinetic
freeze-out (at lower temperature), when also elastic in-
teractions disappear. The measured hadron yields are
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fingerprints of corresponding hadron abundances present
at the chemical freeze-out [3]. The yields can be con-
sistently described within the grand canonical ensemble
with only three independent parameters, the chemical
freeze-out temperature Tch, the baryochemical potential
µB and the volume of the system at the freeze-out, V
[4, 5]. This idea is the fundament of the Statistical Model
(SM) of particle production in heavy-ion collisions.
II. THE MODEL
Let ~Y be an N -dimensional Gaussian random vari-
able of measured yields with known covariance matrix
C = [Cij ] (C must be positive definite) but not known ex-
pectation values. ~Y th represents theoretical predictions
for yields, i.e. Y thi = V ·ni(Tch, µB), where V is a volume
of the system and ni(Tch, µB) is the thermal density with
contributions from resonance decays. Then one defines
the least-squares (LS) statistic as [6]:
χ2LS(~Y ;V, Tch, µB) =
N∑
i,j=1
(Yi − Y thi )[C−1]ij(Yj − Y thj ) .
(1)
Instead, if one treats yields as independent Gaussian ran-
dom variables with known variances σ2i , then the LS
statistic, Eq. (1), becomes
χ2LS(
~Y ;V, Tch, µB) =
N∑
i=1
(Yi − Y thi )2
σ2i
. (2)
To determine the optimal values of parameters one has
to minimize the function given by Eq. (1) or Eq. (2) with
respect to V, Tch and µB. All fits to yields done so far,
have been performed with the help of the LS statistic
given by Eq. (2). But the obvious pitfall of this simplifi-
cation is that the possible correlations between yields are
neglected. This could be justified in the case of identified
2hadrons (pions, kaons and (anti)-protons) but not in the
case of resonances. The latter are not measured directly,
but via they decay products - the above-mentioned iden-
tified hadrons. That is φ→ K− +K+, K0S → π+ + π−,
Λ → p + π−, Ξ− → Λ + π− and Ω− → Λ + K− with
subsequent decay Λ→ p+π−. It means that they are re-
constructed from pions, kaons and (anti)-protons, which
have been extracted with the help of some techniques
from the whole samples of these particles. Therefore the
resonances have to be correlated with their daughter par-
ticles. However, the corresponding elements of the covari-
ance matrix are not given, so they have to be modeled
somehow. It is assumed here, that the only non-zero
off-diagonal elements of the covariance matrix are those
which are between resonances and they final daughter
pions, kaons or (anti)-protons and the resonances and
subsequent resonances in the case of a cascade. One has
also to take into account that in some cases contributions
to a final yield from weak decays are subtracted, which
certainly diminishes corresponding correlations. In the
case of Pb-Pb collisions at
√
sNN = 2.76 TeV (ALICE),
the contribution from the weak decays concerns (anti-
)protons mostly [7, 8], hence secondary (anti-)protons
from primordial and decay Λ(Λ¯)’s are subtracted. In the
case of Au-Au collisions at
√
sNN = 200 GeV (STAR),
pions from decays of K0S and Λ are subtracted [9].
From the definition of the correlation coefficient ρij one
has
Cij = ρijσiσj , (3)
where σi and σj are standard deviations of Yi and Yj ,
respectively. Because off-diagonal elements of the co-
variance matrix are not known, it is assumed here for
simplicity that in fact there are only 2 different corre-
lation coefficients, one connected with the species which
are corrected for weak decays and the second for all the
rest. So, for the ALICE case ρ1 is defined as the correla-
tion coefficient for all cases where a proton is a daughter
particle and ρ2 for others. For the STAR case, ρ1 is de-
fined as the correlation coefficient for all cases where a
pion is a daughter particle and ρ2 for others. As far as
σi’s are concerned, they are replaced by experimental er-
rors (statistical and systematic) in the following. ρ1 and
ρ2 are free parameters and are not fitted here. However,
it has turned out that they are limited from above by
values significantly smaller than 1 (these maximal values
are given in Tables I-II). This is because for greater val-
ues the covariance matrix ceases to be positive definite
and the minimization of the LS statistic, Eq. (1), loses
meaning. It does not mean that the level of correlations
can not be greater. It can, but then the yields do not
compose a multivariate Gaussian random variable. One
should also notice that maximal values of ρ1 are much
smaller than those of ρ2. This is reasonable, because ρ1
represents cases where products of weak decays are sub-
tracted, what should diminish correlations, in principle.
III. RESULTS
The results of fits are presented in Tables I and II and
depicted in Figs. 1-4. The most important observation is
that when correlations are taken into account the chem-
ical freeze-out temperatures determined in the RHIC-
STAR case and the LHC-ALICE case agree within errors
and are 158MeV with light nuclei included and about 160
MeV without. Note that for zero correlations the tem-
perature obtained for the LHC-ALICE, Tch = 155.8±1.2
MeV, agrees well with the corresponding temperature,
Tch = 156.5± 1.5 MeV, reported in [16]. Also the bary-
ochemical potential agrees, here µB = 0.8 ± 3.7 MeV,
whereas µB = 0.7 ± 3.8 MeV in [16]. Only the volume
disagrees, here V = 4198± 307 fm3 (V = 5280± 410 fm3
in [16]), but this can be explained by the fact that point-
like particles are assumed in present model whereas a
hard-sphere excluded volume approach is applied in [16].
The overall agreement with the data has been obtained
and the quality of fits is acceptable. As it was already
pointed out in the literature [5, 16, 17] the biggest dis-
crepancy concerns (anti)-protons, here a deviation of 2σ
is obtained for non-zero correlations (it is significantly
lower than 2.7σ reported in [16]).
IV. CONCLUSIONS
Generally, non-zero correlations cause the slight in-
crease of the the chemical freeze-out temperature, only
in the RHIC-STAR case without light nuclei the oppo-
site behavior is observed, i.e. the temperature decreases.
But the main result of the inclusion of the correlations
is the same freeze-out temperature (≈ 158 MeV) deter-
mined for STAR-RHIC and ALICE-LHC cases. This is
remarkable because, unexpectedly, the lower freeze-out
temperature for LHC was obtained [17]. That fact is con-
firmed also in the present analysis: for the case without
correlations and light nuclei, the freeze-out temperature
for ALICE-LHC is 6 MeV lower than the corresponding
temperature for STAR-RHIC.
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4FIG. 3: Yields of hadrons and yield ratios of light nuclei
measured in Au-Au collisions at
√
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5% centrality class (open circles) compared to the predictions
of the statistical hadronization model with correlations in-
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TABLE I: Fit results for Pb-Pb collisions at
√
sNN = 2.76 TeV and the measurement at central rapidity, | y |< 0.5.
ρ1 ρ2 Tch (MeV) µB (MeV) V (fm
3) χ2/ndof p-value (%)
with light nuclei, ndof = 19
0.14 0.34 157.9 ± 1.1 0.08± 3.85 3548.8 ± 233.3 1.90 1.0
0.0 0.0 155.8 ± 1.2 0.79± 3.65 4198.3 ± 307.2 1.52 6.8
without light nuclei, ndof = 11
0.16 0.36 159.7 ± 1.7 1.15± 5.91 3306.6 ± 299.3 2.21 1.1
0.0 0.0 157.4 ± 2.0 1.39± 5.08 3858.8 ± 425.0 2.02 2.3
5FIG. 4: Yields of hadrons measured in Au-Au collisions at√
sNN = 200 GeV for 0-5% centrality class (open circles) com-
pared to the predictions of the statistical hadronization model
with correlations included (red bars) and without correlations
(blue bars), errors are sums of statistical and systematic com-
ponents added in quadrature. Data are from [9, 18–20].
TABLE II: Fit results for Au-Au collisions at
√
sNN = 200 GeV and the measurement at central rapidity, | y |< 0.35.
ρ1 ρ2 Tch (MeV) µB (MeV) V (fm
3) χ2/ndof p-value (%)
with light nuclei, ndof = 18
0.183 0.380 157.8 ± 0.5 24.80 ± 2.22 1879.5 ± 16.1 2.41 0.07
0.0 0.0 156.2 ± 1.2 24.49 ± 2.16 2179.0 ± 174.1 2.48 0.05
without light nuclei, ndof = 10
0.143 0.384 160.9 ± 0.9 24.0 ± 8.8 1759.1 ± 45.4 1.75 6.3
0.0 0.0 163.4 ± 2.3 24.7 ± 7.0 1545.8 ± 187.9 1.50 13.1
